ABSTRACT: The purpose of this study was to clarify the presence of pain and a correlation between pain and characteristics of signal intensity of mandibular bone marrow in temporomandibular joints (TMJ) with osteoarthritis (OA). A total of 196 joints in 98 patients with TMJ disorders were examined using magnetic resonance imaging (MRI). A pain score and signal intensity on mandibular bone marrow were analyzed in the TMJ with OA. TMJ with OA showed a higher degree of pain compared to those without (p<0.05). During opening, the joints in the higher signal intensity group showed a significantly higher degree of pain compared to the joints in the lower signal intensity group in those with OA on proton density weighted images (p<0.05). It was concluded that TMJ with osteoarthritis is related to pain and that a symptomatic osteoarthritic TMJ can accompany bone marrow changes in the condyle, showing an increased signal on proton density weighted images.
O steoarthritis is radiographically characterized by irregularities of the articular surfaces, osteophytosis, deformity, etc., and is frequently seen in joints with longstanding disk displacement without reduction. 1, 2 It is suggested as a source of pain, but it is also often seen in asymptomatic subjects. 1, [3] [4] [5] [6] Magnetic resonance (MR) evidence of bone marrow abnormality of the mandibular condyle may be related to osteoarthritis, 7, 8 but there has been no report of such bone marrow changes in symptomatic osteoarthritis of the temporomandibular joint (TMJ). The purpose of this study was to clarify a presence of pain and a correlation between pain and characteristics of signal intensity of bone marrow in the mandibular condyle in osteoarthritis of the TMJ.
Materials and Methods
The subjects included 104 consecutive patients with TMJ symptoms and dysfunction referred for MRI. Six of the patients were excluded from the study. In five, it was difficult to place the regions of interest (ROI) because of body movement artifact in one case, and a diagnosis of synovial chondromatosis based on the images obtained in another. A total of 196 joints were studied. The mean age of the patients, 74 women and 24 men, was 36.7 years, with a range of 13 to 76. Immediately prior to MRI, the patients rated their degree of pain, using a visual analog scale (VAS) in which the maximum is 100 and the minimum 0, while both chewing and during opening. The degree of pain was scored separately for the left and right joints.
MRI was performed using the 1.5 Tesla MR imager (Magnetom Symphony, Siemens, Erlangen, Germany), using a double loop array coil. Bilateral proton densityweighted TMJ images were obtained at both closed-and open-mouth positions by using a fast-spin echo sequence ( Table 1) .
The axial scout view was obtained parallel to the occlusal plane. The views were selected according to the position on the long axis where the widest area was available between the lateral and medial poles. Corrected sagittal images were obtained perpendicular to the long axis and axial view. The images were saved as DICOM (D-I-C-O-M) files and read for a measurement of signal intensity using a public domain software (ImageJ 1.32j NIH, USA) for image analysis. We calculated a signal intensity of bone marrow adjacent to the top of the condyle to examine a relationship between osseous change and marrow changes in the condyle. The decision as to which images were suitable for ROI selection on condylar marrow was made by a consensus of two oral and maxillofacial radiologists. ROI was selected only in images where the entire area between the mandibular condyle and the lower border of the mandible could be imaged. The locations and sizes of ROI had to be consistent on all images from different joints to guarantee higher reliability. 9 The average area for condylar marrow was calculated from a total of 20 images to determine the size of the ROI. This resulted in a 4.5 mm 2 area for condylar marrow. The signal intensity ratio (SI) was calculated using the signal intensity of the condylar marrow on the ROI (SIC) and of the gray matter on a ROI (SIM) as follows: SI=SIC/SIM.
To obtain the measurement, a 5.9 mm 2 of ROI was defined and placed over the gray matter as a reference point. It was placed closest to the mandibular condyle on a line perpendicular to the top of the condyle in the gray matter (Figure 1) . On the basis of the MRI findings, the status of the TMJ was classified as described in Table 2 .
A pain score was compared between joints with osteoarthritis and those without. In joints with osteoarthritis, another pain score was also compared between joints with a higher or lower signal intensity of bone marrow of the condyle.
A statistical analysis was performed using Wilcoxon's rank sum test to compare the difference between the two groups. A probability of less than 0.05 was considered statistically significant.
Informed consent was obtained from each patient in accordance with the Declaration of Helsinki. This study was a retrospective study, and approval was obtained from our Institutional Review Board in advance. 
Figure 1
Painful TMJ with disk displacement without reduction associated with osteoarthritis from 58-year-old woman. On corrected sagittal proton density-weighted MR image, the disk (arrow) is anteiorly displaced and the condyle shows an erosion on the top (arrowhead). The figure shows circles; one is ROI in gray matter and another is a ROI in the bone marrow of the mandible. This joint was classified into the higher signal intensity group according to the signal intensity ratio calculated using the above two RCMs
Results
The results are summarized in Tables 3-7 . There was a significantly higher degree of pain on chewing in the 40 joints with osteoarthritis than in the 156 joints without (p=0.04) ( Table 3) .
Joints with osteoarthritis showed a higher mean of the signal intensity ratio, but there was no statistically significant difference in the signal intensity ratio between joints with osteoarthritis and joints without ( Table 5) . In 40 joints with osteoarthritis, the joints were divided into higher or lower signal intensity groups according to the median (1.23) of the signal intensity ratio. During opening, the joints in the higher signal intensity group showed significantly higher degrees of pain compared to the joints in the lower signal intensity group (p=0.03) ( Table 7) .
Discussion
This study showed increased pain in joints with osteoarthritis. Several studies have found that osteoarthritis was not a significant factor in TMJ pain, 1,3-6 whereas joints with osteoarthritis are quite likely related to it. 5, [10] [11] [12] Osteo-arthritis is present in a large proportion of older people and is usually completely asymptomatic. Symptoms related to temporomandibular dysfunction decrease with age and are often remitting and self-limiting. [13] [14] [15] [16] Kurita, et al. 10 suggested that the presence of TMJ pain on mandibular movement is not a reliable predictor of osteoarthritis of the TMJ. Mechanical and chemical stimuli are proposed as possible causes of pain in and around the osteoarthritic joint. 10 The discrepancy that can occur between findings obtained by imaging and patient symptomatology highlights the need for effective study to determine which findings are significant. One study 10 proposed that degenerative changes that are not evident in radiographic examination are also an important factor in joint pain. Joint pain is likely to occur in pathogenetic conditions in which condylar osteoarthritic change takes place. 10 There are several other possible sources of TMJ pain, such as impingement and compression, 17 inflammatory changes 3 in the retrodiskal tissue, inflammatory changes in the synovial membrane fluid resulting in joint effusion, 18, 19 and capsulitis. 20 Possible causes of pain in and around an osteoarthritic joint may include other factors that influence various components of the joint and periarticular structure, such as increased pressure, destruction, or inflammatory mediators. 10 Several studies suggest an association between osteoarthritis and bone marrow abnormalities of the condyle. One study 8 suggests that abnormalities suggestive of edema or osteonecrosis in the bone marrow are initially separate entities from osteoarthritis.
In the present study, we focused on the changes of condylar bone marrow in osteoarthritis on proton densityweighted images that are routinely imaged during clinical work at our institute to detect disk abnormality. 21 This study identified a relationship between increased pain and increased proton density-weighted signal intensity in the upper portion of the mandibular condyle in joints with osteoarthritis using quantitative analysis.
In advanced cases of osteoarthritis, microscopic foci of necrosis are frequently found immediately adjacent to the joint surface. 7 Small infarcts can occasionally occur, but Table 2 Criteria for Interpretation of the MR Images
Inclusion criteria for joints without osteoarthritis
Osseous components with evidence of normal cortical bone and any of disk position criteria, as follows: again they are found at the joint surface and only in joints with advanced osteoarthritis. 22 This may be in accordance with the results in the present study that MR evidence of marrow changes in symptomatic osteoarthritis was seen adjacent to the top of the condyle. Increased pain with bone marrow alterations such as edema and osteonecrosis has been well established for other joints, such as the femoral head, 23 knee, 24 wrist, 25 and shoulder. 26 Several MRI studies describe abnormalities in the mandibular condyle with an appearance similar to osteonecrosis of other joints. 19, [27] [28] [29] [30] This leads to the assumption that osteonecrosis can also affect the mandibular condyle. [27] [28] [29] [30] This issue was discussed long before MRI was available, 32 but it has remained controversial because no histological correlations have been available. (Tables 7-9 ). They found that edema and osteonecrosis occurred in the marrow of the condyle. 7 An earlier study 32 found that joints with bone marrow abnormalities in the mandibular condyle were markedly more painful than those without. Emshoff, et al. 3, 33 evaluated risk factors for TMJ pain as a function of MRI findings. Significant increases in the risk of TMJ pain occurred with disk displacement without reduction in combination with osteoarthrosis and bone marrow edema. However, there is no description of criteria for bone marrow edema judged on MRI in that study. There has been no quantitative study on the signal intensity of the mandibular condyle in joints with osteoarthritis.
Normal bone marrow has high signal intensity at T1, proton density, and T2-weighted images because of its fat content. Any process that alters or replaces marrow fat will decrease T1 and the proton density-weighted signal. The T2 signal strength will depend on the type of tissue that replaces the normal marrow. Necrotic tissue, hematoma, and inflammatory debris will have higher T2 signals than neoplastic tissue. Fibrotic or solerotic tissue has low signals on T1, proton density, and T2-weighted sequences. Lang, et al. 34 studied patients after lumbar fusion and found high signal intensities on T1-weighted images in patients with a solid fusion. A localized area of high signal intensity seen within the spinal cord on T2-weighted or proton density spin-echo (SE) images in cases of compression of the spinal canal and cord is described. 35 In a brain study on proton density, the edema is bright. 36 The bone marrow categories with edema and osteonecrosis do not include high signal but low signal intensity on proton density-weighted images ( Table 7) . This is not in accordance with our results, showing increased proton density-weighted signals seen on symptomatic osteoarthritis. Larheim, et al. 7 described a histological classification of core biopsies of the mandibular condyle. Histological evidence of bone marrow edema was also found where there was no evidence of osteonecrosis, suggesting that edema is a precursor in osteonecrotic development, as in other joints. 7, 37 Another study 3 suggested that pain is more severe in TMJ with marrow edema of the mandibular condyle than in those with osteonecrosis. The early stage of edema category includes edema fluid with serum protein exudate within marrow interstitium, preservation of hematopoietic marrow elements, and no evidence of reticulin fibrosis ( Table 8 ). The present result, increased proton densityweighted signals in TMJ with symptomatic osteoarthritis, may reflect this early stage of edema.
This study concluded that TMJ with osteoarthritis is related to pain, and a symptomatic osteoarthritic TMJ can accompany bone marrow changes in the upper portion of the condyle adjacent to osseous changes, showing increased signals on proton density images.
Table 8
Histological Classification of Core Biopsies of Mandibular Condyle Adopted from Larheim, et al. 7 Histological Classification Description of microscopic features I. Normal a.
Without reacive bone formation: Normal marrow architecture, preservation of the hematopoietic marrow, normal trabecular, and cortical cone architecture. b.
With reactive bone formation: Normal marrow architecture, preservation of the hematopoietic marrow, evidence of increased bone cell activity, increased bone remodeling, and reactive bone formation.
II. Edema a.
Early: Edema fluid with serum protein exudate within marrow interstitium, preservation of hematopoietic marrow elements, no evidence of reticulin fibrosis. b.
Late: Edema fluid with serum protein exudate within marrow interstitium, preservation of hematopoietic marrow elements, focal evidence of disruption of marrow interstitium and reticulin fibrosis.
III. Osteonecrosis a.
Early: Loss of hematopoietic marrow elements, loss of normal marrow stroma and marrow fat, no evidence of reticulin fibrosis. b.
Late: Loss of hematopoietic marrow elements, loss of normal marrow stroma and marrow fat, evidence of reticulin fibrosis. Combination of areas with decreased proton density and increased T2 signal with other areas with decreased proton density and decreased T2 signal; combined edema and sclerosis pattern.
